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Abstract 
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Respiration  was  monitored  with  magnetometers  in  12 
healthy  supine  young  adults  at  sea  level,  and  in  an  altitude 
chamber  at  simulated  high  altitudes  of  8,000,  9,000,  11,000 
and  14,000  feet.  Periodic  breathing  which  was  strong  enough 
to  include  apnea  at  the  time  of  minimum  ventilation  was  seen 
in  all  subjects  at  high  altitude.  The  cycle  time  of 
periodic  breathing  ranged  from  12  to  34  seconds.  On  average 
across  the  population  the  Incidence  of  periodic  breathing 
increased  with  altitude.  The  cycle  time  of  the  periodic 
pattern  increased  as  the  strength  of  the  pattern  increased. 
After  normalizing  to  a  standard  pattern  strength,  cycle  time 
decreased  as  altitude  increased.  The  study  was  repeated  3 
weeks  later  on  7  of  the  subjects.  The  standard  cycle  time 


at  14,000  feet  of  each  subject  in  the  second  series  was  the 
same  as  in  the  first  series  to  within,  on  the  average,  6f. 
Each  subject  studied  at  11,000  feet  in  both  series  repro- 
duced  his  cycle  time  to  within,  on  the  average,  9?.  The 
variation  of  standard  cycle  time  for  a  given  subject  is  less 
than  the  variation  across  the  population,  indicating  charac¬ 
teristic  cycle  times  for  some  individuals  (one-way  AN0VA, 
P^0.025)j. _ 

l  -e  ^  ^  "V  Wja.  in'" 
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INTRODUCTION 

Periodic  breathing,  a  regular  waxing  and  waning  of 
respiration,  is  brought  about  by  various  conditions  of 
stress,  specifically  heart  disorders,  neurological  disord¬ 
ers,  premature  birth  and  high  altitude  (3).  The  periodic 
pattern  seen  with  heart  and  neurological  disorders,  so- 
called  Cheyne-Stokes  breathing,  is  often  accentuated  as  the 
patient's  state  of  health  deteriorates.  The  periodic  pat¬ 
terns  exhibited  at  high  altitude  and  in  premature  infants 
are  accepted  as  a  normal  response  to  an  abnormal  situation. 
An  accurate  description  of  these  breathing  patterns  is 
prerequisite  to  understanding  their  causes  and  consequences, 
similarities  and  dissimilarities.  In  this  paper  we  charac¬ 
terize  the  strength  and  cycle  time  of  high  altitude  breath¬ 
ing  patterns. 

Breathing  patterns  of  adults  at  an  altitude  of  10,000 
feet  have  been  characterized  by  Brusil,  et  al.  (1).  Low 
amplitude  oscillatory  breathing  patterns  in  adults  at  sea 
level  have  been  observed  and  characterized  by  Goodman  (4), 
Priban  (10),  and  Lenfant  (9).  In  this  study  we  observed 
breathing  patterns  at  barometric  pressures  corresponding  to 
sea  level,  8,000,  9»000,  11,000  and  14,000  feet  and  report 
how  the  pattern  characteristics  ohange  with  altitude.  The 
experiments  were  repeated  three  weeks  later  on  the  same  sub¬ 
jects  to  determine  the  reproducibility  of  these  patterns. 


Waggoner,  et.al 


Page  2 


METHODS 

We  studied  12  healthy  young  adults  vho  had  volunteered 
to  participate  in  this  investigation  approved  by  the  Human 
Use  Review  Committee.  The  study  was  performed  in  an  alti¬ 
tude  chamber  (U.S.  Army  Research  Institute  of  Environmental 
Medicine,  Natick,  MA)  at  simulated  high  altitudes  ranging 
from  8,000  to  14,000  feet.  Using  magnetometers  to  monitor 
respiration,  we  studied  each  supine  subject  at  sea  level, 
several  altitudes,  and  then  sea  level  again.  The  rate  of 
ascent  was  2,000  feet  per  minute  and  the  entire  protocol 
lasted  7  hours.  The  magnetometers  measured  anterior- 
posterior  dimensions  of  the  thorax  at  xiphoid  level  and  the 
abdomen  at  close  to  umbilical  level.  They  were  calibrated 
to  give  changes  in  lung  volume  using  lsovolume  maneuvers  and 
a  spirometer  (1). 

A  second  set  ^ t  experiments  was  conducted  on  7  of  the 
subjects.  The  second  set  occurred  three  weeks  after  the 
first  and  used  a  similar  protocol. 

The  high  altitude  chamber  had  2  rooms.  Breathing  pat¬ 
terns  were  monitored  in  one,  while  in  the  other,  the  sub¬ 
jects  not  currently  being  monitored  were  free  to  talk,  play 
cards,  watch  television,  etc.  Although  altitude  changes  were 
not  announced,  we  assume  the  subjects  were  aware  of  such 
changes  because  of  the  noise  associated  with  changing  the 
pressure  in  the  chamber.  The  subjects  were  naive  as  to  the 
explicit  purposes  of  the  experiments,  verified  by  a  post- 
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experiment  questionnaire,  although  they  were  aware  that 
changes  in  altitude  were  Involved. 

Two  prominent  characteristics  of  periodic  brealthing 
patterns  are  the  cycle  time  and  the  strength  of  the  pattern. 
Cycle  time  is  the  time  between  successive  points  of  maximum 
ventilation  in  the  periodic  pattern  (Figure  1).  The 
strength  is  a  measure  of  how  much  the  ventilation  changes  as 
the  pattern  goes  from  its  point  ‘of  maximum  ventilation  to 
its  point  of  minimum  ventilation.  A  strong  pattern  has 
greater  changes  of  ventilation  than  does  a  weak  pattern. 
Periodic  breathing  patterns  which  are  so  strong  that  during 
points  of  minimum  ventilation  the  subject  doesn't  breathe  at 
all  (apnea)  we  call  apneic  oscillations. 

We  have  defined  a  strength  parameter  M  which  conforms 
to  the  above  concepts  of  periodic  patterns,  with  large  M 
corresponding  to  large  swings  in  ventilation  and  small  M 
corresponding  to  small  swings  in  ventilation  (12).  M  is 
defined  for  non-apneic  oscillations  as  the  fractional  modu¬ 
lation  of  the  signal,  l.e.  the  ratio  of  the  modulation 
amplitude  over  the  mean  value  of  ventilation  (Figure  1  and 
Appendix  I).  This  means  that  patterns  which  do  not  include 
apnea  always  have  an  M  value  of  less  than  1 . 

The  M<1  definition  could  be  extended  to  values  of  M>1 
by  allowing  modulation  amplitude  to  exceed  mean  value  of  the 
signal  and  considering  the  resulting  negative  values  of  ven¬ 
tilation  as  apnea.  However,  such  an  extension  is  unstable, 
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i.e.  M  goes  to  infinity  as  the  duration  of  apnea  becomes  1/2 
of  the  cycle  time.  Because  the  apneas  are  sometimes  this 
long  or  longer  M  was  redefined  for  apneic  oscillations  as 
the  ratio  of  cycle  time  over  the  difference  between  cycle 
time  and  length  of  apnea  (Appendix  I  and  Figure  1). 

The  breathing  patterns  reported  here  are  so  strong  as 
to  be  obvious  as  a  regular  periodicity  in  the  strip  chart 
recording  of  lung  volume  versus  time,  so  the  cycle  time  and 
strength  of  the  patterns  were  measured  directly  off  of  the 
strip  chart  recordings.  Although  there  are  other  aspects  of 
these  patterns  which  may  be  of  interest,  as  in  Brusil,  et 
al.  (1),  this  report  deals  only  with  changes  of  cycle  time 
and  pattern  strength  with  altitude.  We  did  not  look  for 
other,  more  subtle,  periodicities  in  these  data. 

RESULTS 

Although  from  subject  to  subject  there  is  considerable 
variation,  on  the  average,  the  higher  the  altitude,  the 
greater  the  percentage  of  time  a  subject  would  spend  in 
periodic  breathing  (Figures  2  and  3).  All  subjects  showed 
sustained  apneic  oscillations  at  high  altitude;  some  even  at 
the  lowest  altitude  studied,  8,000  feet  (Figure  3).  No 
subjects  showed  sustained  apneic  oscillations  at  sea  level. 

The  cycle  time  of  the  periodic  breathing  patterns 
ranged  from  12  to  34  seconds  and  increased  as  the  strength 
of  the  pattern  increased,  i.e.  strong  patterns  had  longer 
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cycle  times  than  did  weak  patterns  (Figures  4  and  5).  To 
determine  the  relationship  between  cycle  time  and  altitude, 
the  influence  of  strength  of  the  pattern  on  cycle  time  had 
to  be  removed.  This  was  accomplished  by  using  the  cycle 
time  vs.  strength  relationships  seen  in  Figure  5  to  adjust 
the  cycle  time  of  each  pattern  to  that  expected  if  the  pat¬ 
tern  were  of  a  standard  strength,  chosen  as  Msl. 

The  cycle  time  of  the  standard,  Msl,  pattern  increases 
slightly  as  altitude  decreases  (Figure  6).  The  cycle  times 
reported  by  Brusil  et  al .  (1)  for  10,000  feet  altitude  agree 
with  the  cycle  time  versus  altitude  relationship  reported 
here.  Linear  extrapolation  shows  that  the  standard  cycle 
time  of  the  high  altitude  periodic  breathing  would  be  on  the 

order  of  30  to  35  seconds  if  it  were  seen  at  sea  level.  Sea 

level  Cheyne-Stokes  cycle  times  are  typically  said  to  range 
from  60  to  200  seconds,  although  there  are  data  showing 
cycle  times  of  approximately  30  seconds  for  some  individuals 
(6). 

Comparison  of  the  second  set  of  high  altitude  experi¬ 
ments  with  the  first,  indicates  that  periodic  breathing 
characteristics  are  quite  reproducible.  The  standard  cycle 
time  at  14,000  feet  of  each  subject  in  the  second  series  was 
the  same  as  that  seen  in  the  first  series  to  within  6%  on 

the  average  (Table  1).  Each  subject  studied  at  11,000  feet 

in  both  series  was  found  to  reproduce  his  standard  cycle 
time  at  that  altitude  to  within  9%  on  the  average.  Hence 
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the  reproducibility  of  standard  cycle  times  was  in  general 
quite  good  and  showed  improvement  with  increase  of  alti¬ 
tude.  Comparison  of  standard  cycle  times  between  subjects 
shows  a  standard  deviation  of  14>  at  11,000  feet  and  11%  at 
14,000  feet.  Thus,  at  a  given  altitude,  the  variation  of 
standard  cycle  time  for  a  given  subject  is  less  than  the 
variation  across  the  population.  Using  one  way  analysis  of 
variance,  the  hypothesis  that  there  is  no  difference  in 
cycle  times  between  individuals  at  14,000  feet  or  at  11,000 
feet  was  rejected  at  the  P£  0.0025  and  P£  0.025  levels 
respectively.  This  indicates  that  individual  subjects  may 
have  distinct,  characteristic  cycle  times. 

DISCUSSION 

The  incidence  of  apneic  oscillations  was  greater  in 
this  study  than  in  our  previous  study  of  adults  at  high 
altitude  (1)  despite  the  fact  that  our  respiratory  monitor¬ 
ing  techniques  were  identical.  We  assume  this  difference  is 
due  to  lack  of  acclimatization  in  our  current  subjects.  In 
the  previous  study  subjects  were  monitored  during  2  weeks  at 
high  altitude,  with  only  1  subject  monitored  within  five 
hours  of  reaching  altitude,  while  in  the  current  study  the 
total  altitude  exposure  lasted  only  7  hours,  the  longest 
time  spent  at  any  altitude  was  3  hours,  and  subjects  were 
monitored  soon  after  arrival  at  each  altitude,  with  some 
subjects  monitored  during  the  ascent.  The  rate  of  ascent 
was  also  much  faster  in  this  study,  2000  feet  per  minute. 
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than  in  the  earlier  study,  when  subjects  drove  in  an  automo¬ 
bile  from  Madison,  Wisconsin  to  a  laboratory  at  Echo  Lake, 
Colorado . 

The  effect  of  acclimatization  on  incidence  of  apneic 
oscillations  can  be  explained  if  one  accepts  that  the  oscil¬ 
lations  represent  instability  in  the  blood  gas  feedback  con¬ 
trol  system.  Respiratory  control  system  modeling  by  Khoo  et 
al  (8)  has  shown  that  such  instability  is  compatible  with 
the  characteristics  of  the  oscillations  reported  here.  The 
more  unstable  the  control  system  is,  the  stronger  will  be 
the  periodic  breathing  pattern  and  the  higher  the  incidence 
of  apneic  oscillations.  The  ventilatory  response  to  changes 
in  arterial  and  P^  is  an  important  part  of  this  con¬ 

trol  system  and  is  affected  by  acclimatization.  Specifi¬ 
cally,  during  acclimatization  plasma  bicarbonate  is  lost 
through  renal  excretion  with  a  consequent  drop  in  plasma  pH 
at  any  given  level  of  P  .  This  will  shift  the  ventila- 

aco2 

tion  -  C02  response  curve  to  the  left  with  either  no  change 

or  a  slight  decrease  in  slope  (5,7),  i.e.  ventilation  is 

higher  at  any  given  P  but  the  change  in  ventilation  for 

a°°2 

any  given  change  in  P  is  the  same.-  Both  the  shift  and 

aC02 

the  decrease  in  slope,  if  any,  will  tend  to  stabilize  the 

control  system  (8,13)  and  thus  reduce  the  incidence  of 

apneic  oscillations.  Acclimatization  also  allows  the 

maintenance  of  a  slightly  higher  P  _  and  lower  P  than 

a02  aC02 

is  possible  upon  first  reaching  altitude.  Both  of  these 
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changes  will  tend  to  stabilize  the  control  system. 

The  change  of  pattern  cycle  time  with  altitude  is  in 
the  direction  to  be  expected.  Increased  cardiac  output  with 
progressive  hypoxia  will  decrease  convective  delay  times 
between  the  lungs  and  chemoreceptors  thus  leading  to  shorter 
cycle  times  at  higher  altitudes.  Also,  and  perhaps  more 
importantly,  both  increased  pulmonary  blood  flow  and  hyper¬ 
ventilation  due  to  hypoxia  will  decrease  the  time  constant 
for  washout  of  CO 2  and  washing  in  of  0 2  in  the  lungs,  again 
leading  to  shorter  cycle  times. 

At  a  given  altitude,  stronger  breathing  patterns  have 
slightly  longer  cycle  times.  In  a  respiratory  control  sys¬ 
tem  model  a  stronger  pattern  corresponds  to  increased  loop 
gain  at  a  phase  angle  of  180  degrees.  As  shown  by  Khoo,  et. 
al.  (8),  the  changes  in  physiological  parameters  most  likely 
to  account  for  such  an  increase  in  loop  gain  are  increased 
chemoreceptor  gain,  increased  circulatory  delay  between  the 
lungs  and  chemoreceptors,  and  increased  functional  residual 

capacity.  Of  these  three  possibilities  only  increased  cir¬ 
culatory  delay  will  also  cause  an  increase  in  pattern  cycle 
time,  while  both  of  the  other  changes  will  cause  a  decrease 
in  cycle  time.  So  our  results  suggest  that  variations  in 
pattern  strength  at  a  given  altitude  are  related  to  varia¬ 
tions  in  cardiovascular  parameters  which  affect  circulatory 
delay  between  the  lungs  and  chemoreceptors. 
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The  breathing  patterns  we  report  here  are  most  likely 
due  to  a  high  gain  control  instability  mediated  by  the  peri¬ 
pheral  chemoreceptors .  Modeling  by  Khoo,  et  al  has  shown 
that  the  breathing  pattern  characteristics  we  observed  are 
compatible  with  decreased  respiratory  control  system  stabil¬ 
ity  due  primarily  to  peripheral  chemoreceptors  with  very 
little  contribution  from  the  medullary  chemoreceptors  (8). 
This  agrees  with  the  estimate  of  Crawford  and  Severinghaus 
that  respiratory  drive  at  an  altitude  of  12,000  feet  is  80% 
due  to  peripheral  chemoreceptors  and  20%  due  to  central 
chemoreceptors  (2,11). 

Breathing  pattern  cycle  times  seem  to  be  highly  repro¬ 
ducible.  That  the  variability  from  one  study  to  another,  3 
weeks  later,  is  less  than  the  variability  across  subjects 
indicates  that  individuals  may  have  their  own  distinct 
characteristic  cycle  times.  If  the  breathing  pattern  is 
characteristic  of  the  circulatory  and  respiratory  control 
systems,  then  variations  in  the  parameters  of  those  systems 

could  account  for  individual  variations  in  cycle  time. 
Parameters  such  as  functional  residual  capacity,  cardiac 
output,  lung  to  chemoreceptor  circulation  time,  and  chemore- 
ceptor  sensitivity  are  known  to  vary  from  person  to  person 
and  may  account  for  person  to  person  variation  in  pattern 
cycle  time. 

Cycle  times  were  slightly  more  reproducible  at  higher 
altitudes  suggesting  that  the  greater  the  stress  the  more 
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reproducible  will  be  the  respiratory  system  response.  Con¬ 
versely,  under  less  stressful  conditions  ventilatory 
responses  may  be  more  flexible  leading  to  more  variability 
in  the  cycle  time  of  breathing  patterns. 
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and  USAMRDC  Regulation  70-25  on  Use  of  Volunteers  in  Research. 
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We  define  the  ventilatory  strength  index,  M,  for  non- 
apneic  oscillations  as  the  fractional  modulation  of  the  data 
string,  i.e.  the  modulation  amplitude  divided  by  the  mean 
value . 

T 

Let  V_smean  value  of  ventilation 

A=  amplitude  of  the  modulation  of  ventilation 
(insert  figure  A1  here) 


We  define  the  ventilatory  strength  index, M,  for  apneic 
oscillations  as  ratio  of  the  cycle  time  of  the  oscillation 
over  the  cycle  time  minus  duration  of  apnea. 

Let  Tcs  cycle  time 

Tas  duration  of  apnea 


(insert  figure  A2  here) 


-t  •-» 


•  -  *  - 
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If  the  modulation  amplitude  is  allowed  to  exceed  the 
mean  value,  i.e.  A>Vg,  and  the  resulting  negative  values  of 
ventilation  are  considered  apnea,  then  definition  (1)  can  be 
used  for  apneic  oscillations  as  well.  As  seen  in  Figure  A3, 
where  sinusoidal  modulation  is  assumed,  when  M  is  only 
slightly  greater  than  1  the  two  definitions  give  similar 
results.  However  as  the  duration  of  apnea  approaches  one 
half  of  the  cycle  time,  M  -*00  under  definition  (1)  and  M  -»2 
under  definition  (2).  Because  the  apneas  we  observed  were 
sometimes  one  half  of  the  cycle  time  and  longer,  definition 
(2)  was  used  for  all  apneic  oscillations. 

(insert  figure  A3) 


M 
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FIGURE  LEGENDS 

Figure  1 

Definition  of  ventilatory  oscillation  strength 
index  M.  These  definitions  are  discussed  further 
in  Appendix  I. 

Figure  2 

Incidence  of  ventilatory  oscillations  as  a  func¬ 
tion  of  altitude.  Individual  data  are  labelled 
according  to  subject  number  and  experiment  number. 
To  avoid  obscuring  average  values,  not  all  of  the 
individual  data  are  shown. 

Figure  3 

Incidence  of  apneic  ventilatory  oscillations  as  a 
function  of  altitude.  Individual  data  are 
labelled  according  to  subject  number  and  experi¬ 
ment  number*  To  avoid  obscuring  average  values, 
not  all  of  the  individual  data  are  shown. 
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Figure  4 

Example  of  the  relationship  between  oscillation 
cycle  time  and  strength  index  M  for  subject  number 
12.  Vertical  translation  of  the  curve  shows  that 
cycle  time  at  a  given  strength  falls  with  a  rise 
in  altitude  (see  Figure  7).  Data  are  labelled 
according  to  subject  number,  experiment  number, 
and  measurement  number  within  an  experiment. 

Figure  5 

Relationship  between  oscillation  cycle  time  and 
strength  index  M  for  entire  study  population. 

Data  are  labelled  according  to  subject  number  and 
experiment  number. 

Figure  6 

Effect  of  altitude  on  oscillation  cycle  time.  All 
cycle  times  are  corrected  to  a  standard  strength 
of  M»1  using  the  relationships  shown  in  Figure  5. 
Data  are  labelled  according  to  subject  number  and 


experiment  number 
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Figure  A3 

Relationship  between  our  two  definitions  of  the 
ventilatory  strength  index  M,  assuming  sinusoidal 
modulation  of  ventilation.  M  from  definintion  (1) 
is  the  ordinate  and  M  from  definintion  (2)  is  the 
abcissa.  The  dotted  line  is  the  line  of  identity. 


CYCLE  TIME  CHANGES  (ATC  IN  SEC) 


FIG.  6 
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